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FSE" INVESTIGATIOJT OF 

CONTROL UNIT ON A 

By R . C r o w 1  , W. R .  

SmMARY 

The results of an 
Aircraf t  Company 
control  unit on a ram-jet  engine are presented. The invest igat ion was 
conducted on a MA-2OB3 ram- jet engine at a fl ight Mach  number of 2.5 over 
a range of a l t i t udes  ffrom 50,000 t o  65,000 feet at zero, 7O, and zero 
t o  7' angles of attack. 

. 

The control  u n i t  sa t isfactor i ly   mafntained the set engine  operating 
point st zero angle Sp attack for all a l t i t udes  tested and  thereby iq- 
dica tes   feas ib le   appl ica t ion  of a practical   proportional-plus-integral  
cont ro l  unit on a full-scale ram-jet engine. 

The cont ro l   un i t  limited (reached a maximum output) at a 7O angle 
of attack f o r   a l t i t u d e s  of 60,000 and 65,000 feet. This waa due t o  the 
shift i n  the static character is t ics   of  the control   pressure (with re- 
s p e c t   t o   f u e l  flaw) that occurred at angle of attack. 

Previous  experimental  investigations (refs. 1 and. 2) have demon- 
strated that shock-positioning  controls  utilizing  proportional-plue- 
integral   control   act ion  can provide fast stable controls for a ram-jet 
engine. I n  each of these earlier tests, the control  functions were 
performed by an  e lectronic  analog computer which was never  intended for 
actual f l f g h t  applications. 

As par t  of the  U. S.. A i r  Force  program on the MA-20B3 ram- jet engine, 
8 Pneumatic control   uni t  designed for flight aEplications- and containing 
the desired  proportional-plus-integral action w a s  installed on the 
engine. The results of the tests conducted on the unit are reported 
herein. The control unit is not a complete cont ro l  system, and i n  the  
t e s t s  reported herein the unft  was inserted in to   t he  s y s t e m  already 
under t e s t  i n  place of the   e lec t ronic  computer.  The steady-state and 
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t rans ien t  performance of the  control  unit  under simulated  flight  condi- 
t ions w e a  obtained,  and the results are compared wi th  those from  bench 
tests of the control  previously  conducted  by  the  manufacturer. 

The controELed engine was operated at a flight Mach  number of 2.5, 
at three  a l t i tudes,  and at zero and 7O angles of attack. A t  zero  angle 
of a t tack at each a l t i tude ,   the  system waa subjec ted   to   t rans ien t  ais- 
turbances  over a range of con t ro l   s e t t i ngs   t o  determine the response 
charac te r i s t ics  and the s t a b i l i t y  limits of the  control loop. 

SYMBOLS 

The following symbols a re  used i n  t h i s  report:  

diaphragm areas 

o r i f i c e  areas 

capacitance, f 

f u e l - a i r   r a t i o  

control gain 

loop gain 

pressure indication of total-pressure  tube at t i p  of spike, 
lb/sq ft . .  . . . .  

output  pressure of control  unit ,  lb/sq f t  

exhaust   pressure  to   cel l ,  lb/sq ft 

s ta t ic   p ressure  2 i n .   d m e t r e a m  of cowl l ip  ( input  pressure 
of control unit), lb/sq f t  

reference  pressure, ~b/sq f t  

pressure   in   cont ro l   un i t ,  lb/sq f t  

f ree-s t ream  s ta t ic   pressure,  lb/sq f t  

resietance,  ohms 

complex operator 

dead t i m e  

. 
" 

-I 
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vf fuel-valve-position  voltage, v 

vi 

voltage from sensor and amplifier measuring, PCJv 

input  voltage t o  fuel ~ e r v m o t o r ,  v 

f u e l  flaw, lb/sec X f 

W 
f, 1 

f , o  

inner-ring manifold fuel flow, Ib/see 

outer-ring manifold fuel flow, lb/aec 
r( 

* 
. .  

8 W 

z integrator  time  constant,  6ec 

=- lag time constant, sec 

Subscript: 

r;l 
'0 u 

S camplex operator 

c m o L  UNIT 

The control   uni t  it3 ahavn i n  the schematic diagram of figure 1. 
The diaphragm qeas AI and A2 are connected by the shaf t  which v a r i e s  
t h e   o r i f i c e  area +. The system is a force-balance system; that is, 
it  is  free t o  m e  wfthout   res t ra int  i n  accordance with the resu l tan t  
pneumatic forces actizlg on the diaphragm areas A1 and +. The bear- 
ing between the  chsmbers at pressures pi and p, is assumed t o  be 
f r i c t i u n l e s s  and t o  provide 8 good seal. The chamber6 at pressures pu 
and p, are connected by the  integral-the-constant  adjustment  valve.  
The p res su re   r a t io  P6/pe is su f f i c i en t ly  large and the o r i f i c e  areas 
A .  and are sized so that the  flow through the %ea i a  always 

'choked; thus pc is a functton only of Pi && the shaf t  posit ion.  
L+ 

Operat ion 

I n  the operation of the control unit, any difference  in   pressure 
between  pr and pi w i l l  give a resu l tan t   force  on the shaft; f o r  
example, pi > pr gives a force t q  the.Left. The pressures p, and p, 
are i n i t i a l l y  the eame and t k e f o r e  contribute no resultant forces. 
The sh&% moves t o  the l e f t ,  increasing the or l f ice   =ea  Ag and lowering 
p,. The pressure pu cannot change immefiately because of t he   r e s t r i c -  
t ion  af the in tegra tor  valve; and therefore p, is now &eater than pc, 
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tending to   g ive  a balancing  force  to the right. The shaft then movee 
t o  a new balance  position  depending on the i n i t i a l   d i f f e r e n c e  between 
pi and pr, which gives a change i n  the control  output  pressure p, 
proportional t o  this difference or error   s ignal .  

The air In  the chamber at pressure pu, however, ie being bled 
through the in tegra tor   va lve   to  the chamber at pressure p,. This gives 
a further unbalance.&  forces t o  the l e f t  and results i n  a continuous 
movement of the shaft to the lef t .  The continuous shaft movement cause6 
a subsequent  lowering of p, at a rate determined by the bleed charac- 
t e r i s t i c s  of the integrator  valve and the  difference Fn pressures pr 
and pi. 

Transfer  Function 

The t ransfer   funct ion 09 the control un i t  may be defined as follows. 
If the diaphragm area8 AI and A2 are equal and the pressure pr is 
constant  for a given flight conat ion,  the following equation may be 
writ ten  : 

A@, - AlPi + +PU - +PC = 0 (1) 

Different ia t ing equation (1) gives 

- A 1  Api + + Apu - 4 ApC = 0 (2) 

If the volume of the charnber where the pressure pu exists i s  
considered a capacitance and the flaw 
constant  aajustment  valve (fig. 1) i s  

where z = RC. Subst i tut ing 

-A1 APi 

equation 

Az @c 
+ l + z s  

of air across the integral-time- 
considered 

- 4 c  
1 + TIS 

a resistance,   then 

(3) 

(3) in   equat ion (2) gives 

- + 4 P c = 0  

. .- 

J 

where 
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Since the areas are equal, 

The transfer function  of  the  control is  therefore  proportional-plus- 
in tegra l .  The gain of the   cont ro l  is  given by equation (I), and the 
integrator  t i m e  constant 'I; is varied by a micrometer  adjustment  valve. 

The r e s u l t s  of a bench test by the  manufacturer  gave a t ransfer  
function 

ind ica t ing   t he   con t ro l   t o  have a dead t i m e  of 0.02 second and a lag of 
0.0L5+,0.005 second i n   a d d i t i o n   t o  the proportional-plus-integral   actfon. 
The bench tests also indicated a var ia t ion  of in tegra tor  time constant 
as a function of micrometer  valve setting, 88 sham in f igu re  2. 

The frequency-response  curves of the   cont ro l  for three in tegra tor  
t i m e  constants  calculated by using the bench-test transfer function 
are sham i n   f i g u r e  3. 

I n s t a l l a t i o n  
L 

The engine  variable used for control  purposes was a stat ic-pressure 
tap located on the ve r t i ca l   cen te r l ine  of the   inner  body 2 inches down- 
stream of the cowl l i p .  The connecting  tubing from the  pressure  tap t o  
the   cont ro l   un i t  was 40 inches of l/4-inch  tubing. 

The cont ro l   un i t  w a s  mounted on the  side of the  englne  in   an air- 
stream ease t o t a l  temperature w a s  413' F. The reference  pressure pr 
was set manually for the   par t icu lar  test condltion. The pressure from 
the control   tap i s  pi. A total-pressure  tap at the t i p  of the engine 
spike supplied a pressme Pb, and pe was referenced  to  the engine 
test cell. The control led output pressure pc w a s  sensed by a pressure 
transducer. The pressure  sensor  converted  the  pressure signal  from pc 
i n t o  an electric signal su i tab le   for   opera t ing  an e lec t ronica l ly  excited 
fue l   va lve  used i n   t h e  test. I n  pract ice ,   the   pressure s i g n a l  from pc 
could  a lso  control  a pnerrmatica3l.y operated  fuel  valve. 
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A 
Control-Loop Cnmponents 

I n  f igure  4 is shown the  block diagram of the  control  &yetem used . 
for   the  tests. The control  variable pi is sensed at a s ta t ic-pressure 
tap 2 inches dawnstream of the cowl l i p .  The difference i n  the pressure 
pi and the  reference  pressure pr causea t h e  cont ro l   to   g ive  a correct- 
ive  pressure  output pc. The pressure pc 1 s  conver ted to  an e l e c t r i c  
s igna l  by the  sensor and cerrier ampfifier:  The auxiliary computer pro- 
vides a means for  varying the  proportional loop gafn of the system and 
also sets a base  fuel-flow  level.  In this Investigation,  the  control 2 
unit  was acting as a t r i m  control  about a baae point set by the auxiliary 
computer. 

L 

. . . .  
" 

The voltage vi d r ives   the   fue l  ~jervomotor, which variee the fuel 
flow u n t i l  pi i s  equal t o  pr and the control unit  is.balanced. 

The control-loop component s e n s i t i v i t i e s  are as follows: 
_ _  

Fuel  servomotor,  (lb/sec f u e l  f low)/v . . . . . . . . . . . . . .  0.520 
Engine (depending on f l l g h t  conditions f o r  

operating  points set) ,  (lb/sq  f t) /( lb/sec fuel flow). . . .  1100-1846 
Pressure  sensor and ca r r i e r  amplifier, 

v/(lb/sq ft) . . . . . . . . . . . . . . . . . . . . . .  0.584X1C1'~  
Computer, v/v . . . . . . . . . . . . . . . . . . . . . .  Variable gain 

AFTARATUS AND INSTRUMENTATION 

Engine 

The 28-inch-diameter MA-2oB3 ram-jet engine  used i n - t h i s  test is 
shown i n  the cutaway drawing of figure 5. The engine wae i n s t a l l ed  i n  
a free-jet facil i ty.   Angle-of-attack  variations from zero t o  7O were 
made by varying  the  angle of the  supersonic  nozzle. 

Fuel System 

The f u e l  f low to   the   inner - r ing  fuel manifold was-set at a fixed 
value,  and all adjustments t o  f u e l  flow were made i n  the outer-ring fuel 
manifold by means of a fuel serv.bmator. . . . .  

z 

I 

" 

" 

. . " 

The fuel servomotor  system  contained an electrohydraulic servomotor 
system which positioned a t h r o t t l e  i n  a special ly  deeigned fuel-meteriq 
valve i n  response t o a n  input voltage  signal. The fuel-metering  valve 
incorporated a d i f f e r e n t i a l  relief valve, whi.ch.r@.ntained a constant := q? 

pressure d i f f e r e n t i a l  a c r o ~ ~  a metering or i f i ce .  Since the metering 
.- . .: c 
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area w a s  a l inear   funct ion of t h r o t t l e  position, the f u e l  flaw w a s  also 
a l inear   funct ion of t h r o t t l e   p o s i t i o n  and of the input  voltage to the 
f u e l  servomotor. This type of t h r o t t l e  plus reducing-valve  differential- 
pressure regulator system is descrlbed in detail in   re fe rence  3. 

The response of the fuel system, piping, ana manif old waa flat t o  
LO cps +5 percent with apgroximately 30° phase shift at 10 cps. 

Instrumentation 

The engine variable pi used for cont ro l  purposes was sensed w i t h  
a pressure  transducer  (including  connecting  tubing) of the variable re- 
luctance type whose response was essen t i a l ly  f la t  (k5 percent )   to  20 cps 
with a p h b e  shLft of 6O at 20 cps. The output pressure of the cont ro l  
uni t  p, w a s  also sensed with a variable-reluctance-type pressure 
transducer  (including  connecting  tubing) w h o s e  response w a s  essenkial ly  
flat (k5 percent )   to  20 cps wlth a phase s h i f t  of Eo a t  20 cps. 

All steady-state  and  transient measurements were recorded on sensi-  
t i zed   paper   in  8 galvanometric  oscillograph wtth galvanometer  eiernents 
having a flat response &5 percent}  to  100 cps with a phase sh i f t  of 15” 
at 100 cps. The steady-state   calfbrat ion of gas pressures w e r e  obtained 
from mercury manometers, ard fuel-flaw ca l ibra t ions  w e r e  obtained from 
turbine-type flowmeters wfth an accuracy of fl percent. 

TEST PROCEDURE 

Steady-State  Operation 

The steady-state  performance of the control  system w a s  invest igated 
by operating the ecglne at three a l t i t udes ,  50,000, 60,000, and 65,000 
feet, f o r  a f l i g h t  Mach nm”8er of 2.5 and augks of attack of zero 
and 70. 

Variation of the static-pressure ratio pi/po with fuel flu* is 
shown i n  figure 6. At z e r o  angle of a t tack  (fig. 6(a) 1, the set point 
for   engine operation at each a l t i t u d e  was set manually at the midpoint 
of the curves. The set points w e r e  at pi/& af 4.04, 4.12, and 4.12 
for a l t f tudes  of 50,000, 60,000, and 65,000 feet, respectively.  The set 
points  which had been selected for control  operation at zerc angle of 
attack (fig. 6(a) ) w e r e  shifted to a nonlinear part of the curve at angle 
of a t tack  (fig. 6(b)) .  
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For  each  f l ight  condition at the engine 
un i t  waa operated  over a range of loop  gains 
and at a single flight condition the control  
of in tegra tor  t i m e  constants. 

Transient  Operation 

operating  point,  the control  c 

t o  the point of i n s t ab i l i t y ,  c- 

w a s  .operated  over a range 

The behavior of the engine  and  control system during  transiente wa8 
invest igated by means of the following series of disturbances: (1) s t ep  
disturbances of f ixed  magnitude in   input   vo l tage  Vi t o   f u e l  servomotor 
f o r  varying the loop gain wi th  constant   integrator  time constant ( D i s -  
turbances were made at each of the three altitudes at zero  and 7O amlee 
of attack. ); ( 2 )  transient  dieturbances in angle of attack of zero   to  7' 
at each f l i g h t   c o n d i t i o n   f o r   i n t e a a t o r  time constant   equal   to  0.045 
second and fixed  control  gain; (3) step dis turbances  in  Vt of constant 
magnitude w i t h  varying  integrator time cons tan t   for   f ixed  loop gain at 
an a l t i t u d e  of 60,000 feet and zero angle of a t tack.  

Fourier  Analysis of Data 

Oscillograph records of the control  response a t  a n  altitude of 
60,000 feet and  zero angle of a t t ack   fo r  three a f f e r e n t   s e t t i n g s  of 
in tegra tor  time constants were subjected  to   Fourier   analysis  (ref. 4) .  
The oscillograph record for 'c = 0.073 second is  shown i n  figure 7. The 
analysis  was performed on the control  input-pressure trace pi and on 
the control  output-pressure trace pc t o   o b t a i n  the t ransfer   funct ion 
of the control,  i .e. po/pI. 

The resultant  frequency-response  curves  for three integrator-time- 
constant settings shared the control   uni t  to have 8 transfer  function 

of (1 -k e), where K = 0.62 (fig. 8).  The analyeis of the 

t races  showed the c o n t r o l   u n i t   t o  have a dead time of 0.01 t o  0.02 
second. The experimental  values of z are sh- In f igure  8(a>, and a 
comparison with the values  obtained from the manufacturer's  bench tests 
are ahown i n   f i g u r e  9 giving in tegra tor  t i m e  constants  in  approximate 
agreement wi th  those  obtained from the bench tests. The area of the 
cross-hatched  lines  represents  experimental values,  and the s o l i d  l i n e  
represents bench-test values. Only one experimental  phase-shift  curve 
(z = 0.073) i s  shown i n   f i g u r e  8(b). Experimental phase-shift curve6 
for the other two T se t t ings  were not  obtainable with suf f ic ien t  8c- 
curacy  from the  Fourier  analysis of the control  data a t  the operating 
conditions. 

E 
P 

.- 
1 
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The scat ter ing  in   integrator- t ime-constant   values  (fig. 9) obtained 
from the  analysis may be at t r ibuted,  i n  p a t ,  to e r r o r   i n  fairing a 
curve  through the high noise   level  of the t race  and er rors  i n  the approx- 
imation used in  the  Fourier  analysis. Also, the   sca t te r ing  may be caused 
by operation of the control  beyond i t s  l inear   operat ing range. 

Steady-State  Performance 

A t  a l l  three a l t i t udes  for zero  angle of attack, the  control  
opera ted   sa t i s fac tor i ly   in   s teady  state. The operating  points set by 
the  control are shown i n  figure 6fa). The poin t   se lec ted   for   the  COR- 
t r o l   t a p   l o c a t i o n   s e t  a diffuser  recovery  approximately 1.5 points below 
the maximum. A t  a l l  th ree   a l t i t udes  and an  angle of attack of 7O, the 
control  operation w a s  marginal for the operating  points  selected.  

The marginal  operation was,  i n   p a r t ,  due t o  the   se lec t ion  of the  
operating  point at zero, i n   p a r t ,   t o  the angle of a t tack .  As shown i n  
f igure  6(a) ,  the set points are at the midpoint of the engine character- 
i s t i c  curves, which allows for approximately  equal error signale fo r  dis- 
turbances  in either direct ion.  A t  an angle of a t t ack  of 7O, however, 
these same values of set points result i n  operation at very  nearly  the 
maximum operating range possible and allaw no margin of con t ro l l ab i l i t y  
for  any disturbance which increases  the fuel flow. 

In   addi t ion,  the control  unit w a s  unable t o  provide the necessary 
correctfve  s ignal   to   reduce  the fuel flaw by the required amount (fig. 
6). For example, a t  an   a l t f tude  of 60,000 feet and zero  angle of at tack,  
the loop gain and i n t e g r a t o r  t i m e  constant w e r e  set at values which gave 
good t ransient   response  to  fuel-flow disturbances. However, at an angle 
of a t t ack  of 7O, the  maximum output from t h e   c o n t r o l   u d t  w a s  Just barely 
sufficient to reduce the f u e l  f low by the  required amount. As a r e su l t ,  
the   control   uni t  remained solidly against  i ts  I w e r  limit (maxirmnn ori- 
f i c e  area %) with no further raage of operation available t o   co r rec t  
for disturbances which  tended t o  increase  the fuel flow. 

For a given  control-unit  output it w a s  possible t o  increase the 
a t ta inable  change i n   f u e l  flow by increasing  the  gain of the  auxi l iary 
computer. Increasing the loop gain  by means of the auxi l iary computer 
e f fec t ive ly  increased  the range  of  operation of the cont ro l   un i t  and 
allowed it to  operate  within i t s  l imits .  However, the  increase i n  loop 
gain required t o  accomplish t h i s  xa6 s u f f i c i e n t   t o  exceed t h e   s t a b i l i t y  
limits of the system and resu l ted  i n  suetained O s C i l l & t i O U f 3 .  
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Effect  of  Control  Constants on S t a b i l i t y  

.' 

c 
c 

The effects of control  constants on system s t a b i l i t y  are preeented 
f o r  two conditions: (1) a f ixed   in tegra tor  time constant  with  varying 
loop gain and (2) a f ixed  loop gs in  w i t h  varylng  integrator time 
constant . 

The loop gains referred to   he re ina f t e r  are the product of the con- 
t r o l   g a i n  K and the  gains of the other  control-loop components as de- 
termined  from their steady-state charac te r i s t ics .  The e f f ec t s  of var i -  
ous control  constants were measured i n  terms of the  amplitude  and fre- 
quency of the   osc i l la t ions   observed   in   the  Vi trace a t  each  operating 
condition. 

The amplitude was taken a8 one-half  the  peak-to-peak  value of the 
maximum fluctuations  encountered. The frequency xae measured only i f  a 
single  frequency  In a predominant  band of frequencies was c lear ly  d i s -  
cernible  i n  the  f luctuat ions.  The s t a b i l i t y  limit, as used  herein, is 
defined as the condition at which sustained  regular  oscillations  occur. 

The effects of varying the loop gain f o r  a f ixed  integrator  time 
constant of 0.045 second  and  zero  angle of a t tack  are  shown for three 
a l t i t u d e s   i n   f i g u r e  10. The se lec t ion  of z was made on- the  basis of 
an  approximate c r i t e r ion  for  th i s   type  of Systen, which ha.6 been sub- 
s t an t i a t ed  in previous work, that is, set T approximately equal t o  
t.he system dead time. En t h i s  system, the  dead time varied from 0.04 
to 0.06 second but was usually approximately 0.@5 second, 88 shown i n  
f igure  7 (from point A on the t r ace  of Vi t o  point C on the trace of 
PC) 

A t  an   a l t i tude  of 50,000 feet at zero angle of a t tack  (fig. l O ( a )  1, 
the   fuel   osci l la t ion  ampli tude  increased with loop gain u n t i l  a region 
of i n s t a b i l i t y  was reached for loop-gain  values  between 1.04 and 1.21, 
o sc i l l a t ions  being sustained at a loop g a i n  of 1 . 2 1  with a frequency of 
5.5 t o  6.2 cps at th i s   po in t .  

For the 60,000-foot a l t i t u d e  at zero.angle of attack {fig. l O ( b ) ) ,  
a region of i n s t a b i l i t y  existed at loop-gain  values of 1.65 t o  1.77. 
Osci l la t ions w e r e  sustained at a loop gain of 1.77 wlth a frequency of 
5.7 cps. 

For an  a l t i t u d e  of 65,000 feet at zero  angle of a t tack  (fig. lo(C)), 
a region of ins tab i l i ty   occur red  between loop-gain  values of 1.55 and 
1.66. Osci l la t ions were sustained at 1.66 with a frequency of 6.2 cps. 

.- 
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The calculated and experimental  frequency-response  curves of the  
complete  open-loop  system fo r  'I; of 0.045 second,  zero angle of attack, 
and 60 ,W-foo t  altitude are shown i n  figure ll. The calculated  response 
was obtained f r o m  the engine and fuel-system  experimental data cascaded 
with the  response  calculated from the manufacturer's  transfer  function 
f o r  the control. The experimental  amplitude  response was obtained from 
the engine and fuel-system  experimental data cascaded  with the control  
experimental data. Ekperimental  phase  shift,  absent from figure l l (b) ,  
was not  available. 

U s e  of the  calculated  amplitude  ratio and  phase s h i f t  resulted i n  
a ca lcu la t ed   s t ab i l i t y  limit at a loop  gain of 2.W and a frequency of 
4 . 5  cps.  Since  the phase s h i f t  w a s  not  available for calculat ion of the  
s t a b i l i t y  limit from the  experimental  frequency  response,  the  frequency 
at instability  obtained  experimentally (4 t o  6.3 cps,   f ig.  l O ( b ) )  w a s  
used t o  determine  the  normalized  amplitude  existing at i n s t a b i l l t y  (0 t o  
0.58 from f i g  . Il(a) 1 . The experimental loop gafn at i n s t a b i l i t y  w a s  

malized  amplitude t o  a value of unity. The experimental loop gain at 
in s t ab i l i t y   de t e rmined   i n  this manner w a s  1.85 t o  2.17. 

A then  obtained by  determining the factor  necessary  to  increase  the  nor- 

-Y 
3 
0 u The effect of in tegra tor  time constant on s t a b i l i t y  limits was de- - termined at an   a l t i tude  of 60,ooO feet at zero angle of attack with the 
" loop gain  held  constant at 0.828. The value of loop  gain  selected waa 

that which provided the beat  response far 't equal t o  0.045 second, 
which will be dTscussed i n   t h e   f o l l m i n g   s e c t i o n .  The integrator  tine 
constant wa8 varfed  from 0.024 t o  0.073 second. Figure 12 shows tha t ,  
as the   in tegra tor  time constant was decreased below 0.033 second, the 
control  became unstable.   Oscil lations w e r e  sustained  for an integrator-  
time-constant  setting of 0.024 second  with 8 frequency of 4.4 t o  5 cpa. 

Response t o  Step  Disturbance 

The e f f ec t s  of various  control  constants on the  response  chazacter- 
i s t i c s  of the system w e r e  also observed for the followlug conditions: 
(1) a fixed integrator  time constant of 0.045  second  with varylng loop 
gain and (2) a fixed  loop  gain wi th  v-ng integrator  time constant. 

The response  characterist ics measured were the  response  time and 
the  percentage  of overshoot for a s tep  disturbance i n  the  input  voltage 
which caused a s tep   d i s turbance   in   fue l  flow. The response time 8s used 
herein i s  defined as the  time from i n i t i a t i o n  of a dis turbance  unt i l  90 
percent of the error  has  been  1nftiaU.y  corrected. Overshoot i s  defined 
as t h e   r a t i o  of the maximum overshoot  occurring  during  the  transient  to 
the magnitude of the- ini t ia l   d is turbance,   expressed  in   percentage form. 
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I n   f i g u r e  7 i s  shown an  oscil lograph trace of the re-sponse of the 
var fous   var iab les   to  a step d i s tu rbance   i n   fue l  flow. The t r ace  shows 
a step disturbance at an a l t i t u d e  of 60,000 feet and  zero  angle of 
a t tack   for   an   in tegra tor  time constant of 0.073 second at a loop  gain 
of 0.828. The disturbance was a s t ep  decrease i n  f u e l  f l a r  of 0.130 
pound per  second (decrease i n   f u e l - a i r   r a t i o  of 0.0045). The le t te r  A 
indicates  the start of the s tep.  Approximately 0.025 aecond later, the 
pressure p i  responds t o  the step  (point B) ;  and 0.02 second Later, the 
controlled  output pressure p, (point C) responds. 

. .   . .  

R 
" 

4. 

Y 

.c 

Transient  response times for step  disturbances i n  fuel flow are 
shown for a l t i t u d e s  of 60,000 and 65,000 feet at zero angle of attack 
i n  figure 13. The curves show response time and percentage of overshoot 
f o r  a s t e p   s i z e   i n - f u e l  flow of kO.130 pound per  second (f/a of 
~ 0 . 0 0 4 5 )  at an a l t i t u d e  of 60,OaO feet (f/a of engine  operating  point, 
0.068). A t  an   a l t i tude  of 65,000 feet, the step s i z e  i n  f u e l  flow was 
k0.104 poucd per  second (f/a of k0.0046) and the f u e l - a i r   r a t i o  for the 
engine  operating  point w a s  ~0 .069 .  .Bo data were avai lable  f o r  an a l t i t ude  
of 50,000 feet for which the step s i z e  i n  f u e l  flow wae k0.208 pound per 
second (fla of f0.005) and the f u e l - s i r   r a t i o  of the engine  operating 
point w a s  0.076. The control  settings at t h i s  condition were such that 
the control   uni t  limited because of the s i z e  of the disturbance. 

G 
FJ 

A t  an   a l t i t ude  of 60,000 feet (f ig .   =(a)) ,  the response t i m e  de- 
creased  rapidly as the loop gain  increased  unt i l  i t  reached a value of 
approximately 0.10 second at a loop gain of 1.77. With increased  valuee 
of loop gain, the overshoot  increased  rapidly untFL the s t a b i l i t y  l i m i t  
was reached at a loop gain of 1.77. For an a l t i t u d e  of 65,000 feet 
( f ig .  U(b) ) , the response time decreased with loop ga in  t o  approxfmately 
0.08 aecond at a. loop gain of 1.0. With increased  values. of loop  gain, 
the overshoot  increased,  reaching  approximately 100 percent at a loop 
gain of 1.23. 

Response data far a v a r i a t i o n   i n   i n t e g r a t o r  time constant at an 
a l t i t u d e  of 60,000 feet and zero angle of a t tack  are shown i n  f igure  14.  
This f igu re  shows that the response time increased  with  increasing time 
constant  and the percentage  of  overshoot decreased with  increasing  values 
of in tegra tor  time constant. A difference between  overshoots for s t ep  
increases  and decreases may also be seen i n  figure 14. This  difference 
could be caused by several  factors: (1) variation of the engine  senai- 
t i v i t y  as the operating  point shifts during the t ransient ,  (2) varriations 
in   control   operat ion,  and (3) var ia t ion   in   engine  dynamics to   s t ep   i n -  
creases  and  decreases. 

For altitudes of 60,000 and 65,000 feet that gave the most satis- 
factory  control  operation, the integrator  time constant was 0.045 sec- 
ond with a control  loop gain  equal t o  0.83, which gave a response time 
of approximately 0.1 second with 20-percent  overshoot. 
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Response t o  Angle-of -Attack Disturbances 

A trace of a ramp increase   in   angle  of attack from zero   t o  7 O  i s  
shown i n   f i g u r e  15 f o r  an a l t i t u d e  of 60,CXXl feet, a loop gain of 0.828, 
an  integrator  time constant  of 0.045 Becond, and zero angle of attack. 
The time of the ramp was 0.78 second. The letter A on the trace indi -  
ca tes  the start of  the ramp and B indica tes  the end of the ramp. 

The m a x i m u m  output from the cont ro l   un i t  was j u s t   ba re ly   su f f i c i en t  
t o  reduce the f u e l  flaw by the required amount t o   b r i n g  the di f fuser  
p re s su re   r a t io  pi /Po back to the set point ,  as ind ica ted  on the t r a c e  
by the letter C. Note that the  control   input-pressure  t races  and  con- 
t ro l   ou tput -pressure  traces have  crossed. As a r e s u l t  of the   cont ro l  
operating at i t s  maximum output, no further range of operation was 
avai lab le   to   cor rec t  for disturbances which tended t o   i n c r e a s e  the f u e l  
flaw at a 7O angle of at tack.  

A t  50,000- and  65,000-foot a l t i t udes ,  similar ramps caused t h e  con- 
t r o l   u n i t   t o  limit. A t  the 60,000-foot a l t i t u d e  and a 7O angle of 
a t tack,  increasing the cont ro l  loop gain t o  2.36 by means of the auxiliary 
computer allowed the con t ro l   un i t  to operate  within i ts  Emits but re- 
s u l t e d   i n   s u s t a i n e d   o s c i l l a t i o n s .  

SUMMARY OF RESLEI'S 

The following r e s u l t s  w e r e  obtained from the inves t iga t ion  of the 
Marquardt  shock-positioning  control  unit on a s imuhted  flight opera- 
t i o n  of a ram-jet engine. 

An analysts  of the cont ro l  unit showed it t o  be of the proportional-  
plus- integral  type. A Fourier analysis of the con t ro l   t r ans i en t  re- 
sponses at f l igh t   condi t ions  verified the analysis giving i n t eg ra to r  
time constants  in  approximate agreement w i t h  those  obtained from the 
bench tests. The gain of the   cont ro l   un i t  was found t o  be 0.62 and the 
recorder traces showed a dead time for  the cont ro l   un i t  of 0.01to 0.02 
second . 

The con t ro l   un i t   ope ra t ed   s a t i s f ac to r i ly  at zero angle of attack 
during steady-state  conditions at 5O,ooO, 6O,OOO, end 65,000 feet and 
during  transient  conditions a t  60,000 and 65,000 feet. A t  angle of 
attack f o r  a l l  three f l igh t   condi t ions ,  the con t ro l   un i t  limited f o r  
s teady-state  and t ransient   condi t ions.  



Transient  disturbances at a l t i t u d e s  of 60,000 and 65,000 feet  for 
zero  angle of a t tack  had approximately the same s i z e   f u e l   s t e p s  and the 
same engine  operating  points. The control   uni t  at these two flight con- 
ditions had approximately  the 8- percentage of overshoot and response 
t i m e  at the 8- loop gain. A t  an altitude of 50,000 feet the fuel 
s teps  were larger  and the engine operating point w a s  higher so that the 
control  l imited.  No data were available for response time and percentage 
of overshoot a t  t h i s  altitude. 

For the flight condition of 60,000-foot a l t i tude,   zero angle of 
at tack,  and integrator. t i m e  constant of 0.045 aecond, t h e  calculated 
s t a b i l i t y  l i m i t  of the control  laap w a s  at a loop gain of 2.27 and a 
frequency of 4.6 cps compared with the experimental   stabil i ty l i m i t  of 
the  control  loop obtained at loop-gain  values of 1.85 t o  2.17  and an 
oscil lation  frequency of 4.5 t o  5.8 cps. 

The t o t a l  dead time of the  ccanponents of the control  loop was 0.04 
to 0.06 second,  and the operation of the control  u n i t  w a a  at the most 
sat isfactory  point  when the   in tegra tor  time constant was 0.045 second 
and the loop gsin  equal t o  0.83, r e s u l t i n g   i n  a response t i m e  of approx- 
imately 0.1 second with 20-percent  overshoot. 

Lewis Flight Propulsion  Laboratory 
National  Advisory Committee for Aeronautics 

Cleveland, Ohio, May 18, 1956 
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Figure 1. - Schematic diagram of proportional-plus-intep1 shock-positioning 
control unit. 
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Figure 2. - Bench t e a t  of integrktor t i m e  con- 
s t a n t  as functfon of micrometer valve setting. 
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Figure 3. - Concluded. Bench-test calculated frequency response of control unit for various integrator 
time conatants. 
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Figure 4. - Block dlagxam of control  loop. 
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(a) Zero angle of attack. 

Figure 6. - Variakion of static-pressure r a t i o  with fuel f l o w .  
Flight Mach number, 2.5. 
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f t  
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Fuel flow, wf, lb/sec 

(b ) Angle Of attack, 7'. 

Figure 6. - Concluded. Variation of etatic-pressure 
r a t i o  with fuel flow. Flight  Mach number, 2.5. 
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Flgure 7 .  - System response .to step decrease in fuel flow. Fl ight  Mach number, 2.51 altitude, 60,000 feet; zero 

angle af attack! intsgratm time constant, 0.073; loop gah,  0.828. 
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Figure 8. - Experimentel freanency r e a p e  of contml unit  Aom Fourier analysie. 
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(b) phssa shift. Integrator time conatant, 0.073 second. 

Figure 8.  - Concluded. Bxprlmantal frequency reapme of oon tml  unit imm Fourier analysie. N cn 
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Figure 9. - Tntegrator t i m e  constant as function of micro- 
meter setting. 
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Figure 10. - O s c i l l a t i o n  amplitude and frequency as function of 
loop gain. Flight Mach number, 2.5; zero angle of a t tack ;  
integrator time constant, 0.045. 
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(b) Altitude, €O,OOO feet; operating  point, 4.02. 

Figure 10. - Continued. Oscillation amplituck and f'requency &a functlon 
of loop gain. Flight  Mach number, 2.5; zero angle of attack;  integrator 
time constaut, 0.045. 
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(c) n t i t u a e ,  E,W feet; operating potnt, 4.03. 

Figure 10. - Concluded. Oscillation amplitude and frequency as function 
of loop gdn .   F l igh t  Mach number, 2.51 zero angle of attack; integrator 
time constant, 0.045. 
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Figure 12. - Oscillation  amplitude and frequency 88 function of 
integrator time  constant. Plight Mach number, 2.5; a l t i tude,  
60,000 feet; zero angle of attack; loop gain, 0.828; operating 
point, 4.05. 
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MOP gain, KL 
(a) Altitude, 60,000 feet; step size in fuel flow, jg.130 

pound per second (fuel-& ratio, M.0045). 

Figure 13. - System response to step  diaturbance in fuel flog. 
Flight Mach number, 2.5j zero angle of attack; integrator 
time constant, 0.045 second; operating pofnt, 4.03. 
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LOOP gain, 

(b) Altitude, 65,000 feet; step size l n  fuel 
flow, a. 104 pound per second (fuel-air 
ratio, B.0046). 

Figure 13. - Concluded. System response to 
step disturbance in fuel flow. Flight 
Mach number, 2.5; zero angle of attack; 
integrator time constant., 0.045 secondJ 
operating point, 4.03. 
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Figure 14. - System response t o  step  disturbance in 
fuel f l o w .  Flight Mach number, 2.5; altitude, 
60,000 feet; zero angle of attack; loop gain, 
0.828; operating point, 4.03; step s h e  in fuel 
flow, S.130 pound per second (fuel-air r a t i o ,  
B.005). 
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